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Abstract—A new soft-switching technique that improves

| [}
performance of the high-power-factor boost rectifier by reducing L ! L _L X ™
switching losses is introduced. The losses are reduced by an active \ s —— D
snubber which consists of an inductor, a capacitor, a rectifier, ! Ce '
and an auxiliary switch. Since the boost switch turns off with X o4 ) +
zero current, this technique is well suited for implementations v, == : D¢ X Cs=— R 3V,
with insulated-gate bipolar transistors. The reverse-recovery-re- \ ] -
lated losses of the rectifier are also reduced by the snubber X S St
inductor which is connected in series with the boost switch and ) !
the boost rectifier. In addition, the auxiliary switch operates : f

with zero-voltage switching. A complete design procedure and = coccccooooooo- 1
extensive performance evaluation of the proposed active snubber ' '
using a 1.2-kW high-power-factor boost rectifier operating froma  Fig. 1. Boost power stage with new ZC-ZVS active snubber.
90 Vems—256 Vims input are also presented.
Index Terms—Active snubber, boost converter, IGBT, power €Chnique improves the performance of the boost input-cur-

factor correction, reverse recovery loss, zero current switching, rent shaper by eliminating the switching losses with a new
zero voltage switching. zero-current—zero-voltage-switched (ZC—-ZVS) active-snubber

circuit that consists of a snubber inductor, a clamp diode, a
clamp capacitor, and an auxiliary switch. The ZC-ZVS snubber
reduces the reverse-recovery-related losses of the rectifier and
ECENTLY, several high-speed insulated-gate bipolatiso provides soft switching of the main and auxiliary switches.
transistor (IGBT) families suitable for high-frequencySpecifically, the main switch turns off with ZCS, whereas the
switch-mode-power-supply applications have been introducedxiliary switch turns on with ZVS. In addition, because the
Capable of operating at switching frequencies as high as 15@®per operation of the ZC-ZVS snubber requires that the
kHz and exhibiting a relatively small conduction loss at higbonduction period of the main switch and the auxiliary switch
currents, these IGBTs appear as a viable alternative to traditieverlap, the proposed boost converter with active snubber is not
ally used metal-oxide-semiconductor field-effect transistogsisceptible to failures due to accidental transient overlapping
(MOSFETSs) in many high-voltage, high-current applicationsf the main and auxiliary switch gate drives. Moreover, the
such as boost input-current shapers. Nevertheless, to achigyplexity and cost of the converters using the proposed
efficient and reliable operation of an IGBT, it is necessary t@chnique is further reduced because the proposed ZC-ZVS
ensure that the IGBT is switched under favorable switchingtive snubber requires a simple nonisolated (direct) gate drive
conditions. Specifically, due to the IGBT'’s collector currenfor both switches.
“tail” effect during the turn-off, which increases the turn-off Finally, a complete design procedure of the proposed
switching loss and limits the maximum switching frequencyoft-switched boost converter as well as extensive experi-
the optimal performance of the IGBT can be achieved hyiental evaluations of its performance are presented. The
turning-off the IGBT at zero current [1]. evaluation was performed on a single-phase, 1.2-kW, 80-kHz,
A zero-current-switching (ZCS) boost converter suitable fatigh-power-factor boost rectifier operating in the universal line
applications with IGBTs was introduced in [2]. Although in thisyoltage range of 90 \.s—265 V.
circuit the boost switch is turned off at zero current, the circuit
exhibits a strong undesirable resonance between the snubber II. ANALYSIS OF OPERATION

mo!uctor ar_1q the output capacitance of th_e sywtches, which "®I'he circuit diagram of the boost converter that employs the
quires additional clamp and/or snubber circuits [3].

. o . o . new ZC-ZVS active snubber is shown in Fig. 1. The circuit

In this paper, a soft-switching technique which is suitable for~ _. : S i

IGBT applications, and which does not suffer from undesirab'lg Fig. 1 uses snubber inductdis, which is connected in se-
' ries with main switchS and rectifierD, to control thed:/dt

resonances of circuit's components is proposed. The PTOPORER of the rectifier. Along wittt, and L s, auxiliary switchS,,

clamp capacito€¢, and clamp diodé form a ZC-ZVS ac-
Manuscript received May 20, 1999; revised January 9, 2002. Recommendis® snubber as indicated by dashed lines in Fig. 1.

I. INTRODUCTION

by Associate Editor L. Moran. _ , To simplify the analysis of operation, it is assumed that the
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oratory, Research Triangle Park, NC 27709 USA. inductance of boost inductdr is large so that it can be repre-
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4 + 3 zero resistance.e., they are short circuits. However, the output
© [T2-Ts] (Hfm capacitance of the switches and the reverse-recovery charge of
— - | . - _]_ the rectifier are not neglected in this analysis. The circuit dia-
ILs Ve Is = |V, . vpe ) . .
A r gram of the simplified converter is shown in Fig. 2.
Q "{ C+ CD é To further facilitate the explanation of the operation, Fig. 3
In n R shows topological stages of the circuit in Fig. 1 during a
j \ \ switching cycle, whereas Fig. 4 shows the power-stage key
—  — i waveforms. As can be seen from the gate-drive timing diagrams
(@ [T3-Tal @) [Te-Tol for the boost and auxiliary switches in Fig. 4, the proposed
— - 1 > - l circuit operates with an overlapping gate drive of the switches
s I—v, fus - Ve where the main switch turns on and off slightly prior to the
L ! L auxiliary switch,i.e., both switches conduct simultaneously
lCD C)l CD C) during the major period of the on-time and share the current.
IN . . . .
N \ \ Before main switchS is turned on at = Ty, the entire
) I 'y input current/ry flows through snubber inductdrs and boost
(e) [T4-Ts] G) [To-Tyol rectifier D. At the same time, main switch is off blocking

output voltagé’, whereas, auxiliary switch; is off blocking
Fig. 3. Topological stages of the proposed boost power stage when the pgakoltage which is the sum of output voltale and clamp-ca-
resonant currenfy, s e is smaller than input currediy. pacitor voltageV/, i.e., Vo + Ve.

After switch S is turned on at = 7, a constant voltage
voltage is negligible so that the voltage across the output filt€f, is applied acrosd. s, as shown in the equivalent circuit in
capacitor can be represented by constant-voltage sdgsce Fig. 3(a). As a result, inductor currefits and rectifier current
Also, it is assumed that in the on state, semiconductors exhikit decrease linearly, whereas switch currgnincreases at the



JANG AND JOVANOVIC: NEW, SOFT-SWITCHED, HIGH-POWER-FACTOR BOOST CONVERTER 471

same rate. The rate of the rectifier current decrease is govert@donduct at = 7%, auxiliary-switch currenis; continues to
by increase linearly, as illustrated in Fig. 3(f). At the same time,
] main-switch currenis decreases at the same rate because the
d"_D — _@_ (1) sum ofig; andig is equal to the constant input curreit;.
dt Ls When main switch$ is turned off at = 1§, the current which

Since the rate of the boost-rectifier-current decrease is cd@S flowing through switcls' is diverted to auxiliary switcl$,
trolled by snubber inductandes, the rectifier recovered chargethrough clamp diode)¢ as shown in Fig. 3(g). It should be
and the associated losses can be reduced by a proper selecti®@#d that at the moment of switchturn-off at¢ = 75, the
the Ls inductance. Generally, a larger inductance, which giv&§rrent ofS'is smaller tharry, as shown in Fig. 4. In addition,

a lowerdi p /dt rate, results in a more efficient reduction of thdh€ voltage across switchduring its turn-offis clamped to zero
reverse recovery-associated losses [4]. by conducting c_Iamp diod®¢ and aUX|_I|ar_y switchsy, as can

At t = T, whenirs andip decrease to zero, the entird€ seen from Fig. 3(g). As a result, swnﬁhs turned off with a
input current/;y flows through switchS, as shown in Fig. 4. great_ly rgduced channel current and with zero voltage. In fagt,
Ideally, wheni falls to zero att = 71, rectifier D should the circuit can be designed to achieve complete ZCS of main

stop conducting. However, due to a residual stored charge, $4tch .S during the turn-off time, as it will be discussed later.
verse-recovery currenizr will flow through rectifier D, as DPuring theZs—T7 interval, input currenfyy flows throughs ,
shown in Fig. 3(b). When, at = 75, the stored charge is re-WhereasCc continues to discharge throudhs. This interval
covered from the junction of rectifidd and the rectifier regains €Nds at = T7 when auxiliary switchs, is turned off. It should

its blocking capability, a resonant circuit consisting of snubb&€ Nnoted that auxiliary switch; shares the input current with
inductor L s, snubber capacitaf, output capacitoCogs, of ~Main switchS durmg_the time interval between = 75 and. .
auxiliary switchS;, and junction capacitaf}, of rectifier D is ¢ = Z6, @ shown in Figs. 3(f) and 4. Therefore, by the addition
formed, as shown in Fig. 3(c). As a result, during Thes in- of auxiliary switchSy, the overall rms current of main switch
terval, the drain voltage of auxiliary switch; decreases from IS reduced.

Vo + Ve to zero in a resonant fashion. At= T3, whenVs,  After switch Sy is turned off att = T+, currentlny flowing
negative direction throughs, is given by pacitanc&oss1, as shown in Fig. 3(h). As a result, the voltage
across auxiliary switcly; starts to increase linearly from zero
. . _ Vo+ Ve to Vo + Vi due to the constant charging currént. Atthe same
Irsrx) = st =13) = ——— 2 . ; ] i
Lg time, because of conducting., voltageVs of main switchS
Cra also increases from zero towal@ + V.. When the voltage

across switche$ and S, reacheslVy + Ve att = Ty, rec-
tifier D starts conducting, as shown in Fig. 3(i). During the
Ts—Ty time intervalirg continues to increase towafg,, while
clamp capacito€’¢ is being charged by the difference of input
current/;x and snubber inductor currefits, i.e., by Iin—i1s.
IF s =i (t = T) When, att = Ty, i1s reachedy, clamp diodeD stops con-
CMAX) ducting and the entire input current flows throuBhas shown
- Cosst « Vo + VC_ (3) inFig. 3(j). The circuit stays in this topological stage until the
Coss1 +Cp . /CL—S next switching cycle is initiated at= 719.
e Atlight load operation, when input currefty is smaller than
After the voltage across auxiliary switéh fallsto zeroat = the peak resonant currefitspx) described in (2), the charge
T3, clamp diodeD starts conducting, as shown in Fig. 3(d)balance of clamp capacit@f- is completed during switch-on
When D¢ is conducting, clamp capacitor voltage is applied period. Figs. 5 and 6 show the power-stage operation when
acrossLs and snubber-inductor currefits increases linearly, is smaller thany spk). Fig. 5 shows topological stages during
as illustrated in Fig. 4. If the capacitance of clamp capacitarswitching cycle, whereas Fig. 6 shows the power-stage key
Cc is large, capacitor voltag€- is almost constant so that in-waveforms.
ductor currenty s increases and capacitor curréptdecreases  During theZ,—15 interval, the key waveforms and power-
linearly, i.e, dips/dt = —dic/dt = Vc/Ls. Otherwisejirs stage operation whefy is smaller thanl; (p are the same
andic change in a resonant fashion. This topological stage eraisin the case whefiy is greater thardy spk), Figs. 3 and 4.
att = T5, whenic reaches zero and clamp diofke: stops con- However, aftet = 7%, the operation whetfy is smaller than
ducting. As can be seen from Fig. 4, to achieve ZVS of auxiliad s pk) is different from that shown in Figs. 3 and 4. Since
switch Sy, it is necessary to turn ofi; beforet = 75, i.e, S;  when/ly is smaller thaysrxk), snubber-inductor currests
should be turned on while clamp diode- is conducting. In reachedy level before main switctt turned off att = Tg,
Fig. 4, auxiliary switchS; is turned on at = 7. It should be auxiliary switchS; carries the entire input current during the
noted that aftet = 7, currentirs or a part of it may con- 7—1g interval as shown in Fig. 6. Therefore, to achieve a com-
tinue flowing throughS; depending on the relative values ofplete ZCS of the main switch, the peak resonant cudggbk,)
on-impedances &f; andD¢, as shown in Fig. 3(e). Since aux-should be designed to be greater than input cutfgnover the
iliary switch S, starts conducting after clamp diod&- ceases entire load and line range.

whereCrg = Coss1Cc/(Coss1 +Cc)+Cp = Coss1 +Cp
because for a properly designed circGit: > Coss:. From
Fig. 3(c), the peak current of clamp capacités att = 73,

+ .
Ieaxy 18
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Moreover, since for a properly designed circuit g7 time
interval is much shorter than tlig—1; time interval in Fig. 4,
the value of clamp capacitor curreit att = 15 andt = 17 is
approximately the samee.
ic(t =1T6) mic(t =17) = Ioax)- ®)

wherel 1 IS the maximum discharging current, as indicated
on thei waveform in Fig. 4. From (4) and (5), the ZCS condi-
tion for S can be defined as

I&MAX) = Iv. (6)
Since for the circuitdesign wherelpy,; . « = Iiv, Cc charging
occurs only during th&,—T5 interval,i.e., the charging interval
Ts—T5 shown in Fig. 4 does not exist, the charge balanagof
requires that

Iaxy = ic(t =T3) = Iz a0 = Iine ©)
From (3) and (7), the ZCS condition can be written as
1 Vo + Ve
VLs(Coss1 +Cp) < LS ASH (8)
Cosst Iin
If (8) is satisfied at the maximum poweri.e, for

Iv' = Iinouax), complete ZCS of switchS is achieved

in the full load range. It should be noted that because auxiliary
switch S; and rectifier D are both turned on under ZVS
condition, external capacitance can be added acfoss D
without incurring additional switching losses. If it is necessary
to satisfy (8) for givenVo, Inavax), Ls, Ve, and for given
Coss1 andCp, external capacitance can be added in parallel
with Cpss; or Cp. However, since main switcl is always
turned off with ZVS, the complete ZCS of main switéhis

not necessary to improve overall performance of the converter.
Therefore, the main switch current during turn-off{at 7g in

Fig. 4) needs to be optimized so that the peak resonant current
I1s(pk) IS not excessive.

As can be seen from Fig. 4, the voltage stress of main switch
S, auxiliary switchSy, and rectifierD is V5, + V. Therefore,
the voltage stress of main swit¢hin the proposed converter is
higher compared to the corresponding stress in the conventional,
“hard"-switched boost converter. To keep the voltage stress of
switch S and switchS; within reasonable limits, it is necessary
to select clamp-voltage levét- properly.

The derivation ofV~ dependence on the circuit parameters
can be simplified by recognizing that in the boost converter in
Fig. 1 that is designed to minimize the reverse-recovery-related
losses and achieve complete ZCS of main swiclthe recti-
fier-current commutation intervaly—15 is much shorter than
on-time periodIoy of switch S, and that capacitor charging
periodT3—Ty is zero. In addition, the duration of the commu-
tation periodsl>—15 and1>—T15 are negligible compared to the
on-time interval of main switct$'.

From Fig. 4, it can be seen that, from= 13 to ¢t = T},
clamp capacito€¢ is charged with current: which has a con-
stant slope oflic-/dt = V/Ls. Therefore, since the circuit
is designed to achieve ZCS of main switghic(t = T3) =

As can be seen from the waveforms in Fig. 4, to achieve_rgMAX = In, and since the duration of the time interval from
complete ZCS turn-off of main switch, it is necessary that ¢+ = 75 to ¢t = 7% is approximately one-half of the on-time of

current through clamp capacitar: at the moment whesy is

turned off is equal to input curretty, i.e.

ic(t = T(;) = I{N.

(4)

switch S, clamp-capacitor voltagé. can be expressed as
Lsfshin
5 ©)

Iin
V0%L5%=2

2
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whereD is the duty-cycle of switcls, T’s is the switching pe- proportional to the reverse-recovery-related losses, snubber in-
riod, and fs is the switching frequency. Since for a losslesductor L s must be added.

boost power stage for which the current commutation interval Generally, the maximum value of snubber inductahgeis
To—15 is much shorter thafipy, the voltage-conversion ratio limited by the voltage stress on swit¢hand auxiliary switch

Vo /Vix is given by S1. As can be seen from Figs. 2 and 4, the voltage stress of
Vo  Iin 1 switchesS andS; are the same and equalitp + V. During
Ve 1o 1D (10)  the period when clamp diodB is not conducting, auxiliary

switch S; blocks the voltage which is the summation of the
, clamp capacitor voltage and the output voltage. Boost svfitch
- Vo blocks the same voltage when clamp didde is conducting.
Ve m 2Lsfslo <(VO — VIN)V1N>' (11) Compared to the corresponding stress in the conventional,
According to (11) Ve is maximum at full load oyax) and “hgrd”-switched boost converter, the_ vqltage stress of boost
high line Vinvax)- For given input and output specifications,SW'tCh S in the proposed converter is higher for the amount
i.e., for given Ioniax), Vineuax), and Vo, clamp-capacitor of clamp vqltggeVC. To keep the yo]tage stress of switches
voltageV can be minimized by minimizing thes f product. S and.S; within reasonable limits, it is necessary to properly
It should be noted that the control of the proposed boost cotflect clamp-voltage leve¥c. Clamp-capacitor voltage’c
verter can be implemented in the same way as in its conventiof@D P€ calculated by using (11). According to (1%, is the
“hard” switched counterpart as long as an additional gate-drifg@ximum at full load/ovax) and high lineVinax), since
circuitis provided. Specifically, in the input-current-shaping ag2Witching frequency’s and output voltagé,, are constant. For
plications, the proposed converter can be implemented with &y input and output specificationse., for given Iovax),
known control technique, such as average current, peak curréi(ax), /s, andVo, the voltage stresses on the main and

Equation (10) can be written as

or hysteretic control. auxiliary switches can be minimized by minimizing snubber
inductor Ls. From the specifications, the maximum input
IIl. DESIGN OF A1.2«wW, HPF BOOSTRECTIFIER PROTOTYPE  VOltg€ Vinmax) = 375V, the maximum output current

_ - ) Ioovax) = 3 A, switching frequencyfs = 80 kHz, and
A 1.2-kW, HPF boost experimental rectifier was designed f@jutput voltage’,, = 400 V. To reducedi , /dt rate the value of

the following specifications. snubber inductof s was chosen to be approximately 3:Bl.
Input This value results idip /dt = 120 A/us andVe = 27 V. The
* VoltageVin: 1-phase, 90 ¥ns—265VRrus. maximum voltage stress of the switch is below 427 V which is
* Line Frequencyfr: 47-63 Hz. quite acceptable even for a 500-V rated device.
e THD: <5% Since the average voltage across the clamp-capacitor is in-
» Power Factor:>0.99 (100% load). dependent from the size of the clamp capaditpras shown in
Output (11), the value of’« can be selected to minimize the switch-fre-
* \Voltage Vi: 400 V. quency voltage ripple. Since the energy stored in the snubber in-
» PowerPy: 1.2 kW. ductor contributes to the voltage ripple during a switching cycle,
* Ripple Voltage:<6.5 Vjeak—peax (100/120 Hz). the maximum switch-frequency voltage ripglep—p) can be
» Switch Frequencys: 80 kHz. expressed as
A. Design of Active Snubber Circuit Lg
. . . . VC(P—P) = IO(max) —~ (12)
The analysis of the proposed soft-switching technique de- Cc

scribed in Section Il can be applied to ac/dc PFC boost recti-

fiers. Since the switching frequency is much higher than the i @eﬂ::hmlce of two 6'_?":/'_102 Vt;]:eramm iazacnfotrrs] n par_allel
frequency, the rectified ac input voltage of the boost rectifier gr the clamp capacitor imits the magnitude of the maximum

approximately constant during a switching cycle, and can be %e_ak-to-peak ripple voltage to approximately 1.5 V, which is

proximated as a dc voltage source. ss than 20% ofF -~ over the entire input voltage and load range.
To reduce the reverse-recovery-related lossesiithgd¢ rate .

of the majority of fast-recovery rectifiers should be kept beIO\ﬁ' Selection of Components

approximately 100 Aus [4]. Generally, slower rectifiers re- SemiconductorsThe peak voltage stress on switéhis

quire slowerdip /dt rates than faster rectifiers to achieve thapproximately 430 V as explained in Section llI-A. The peak

same level of reduction of the reverse-recovery-related lossestrent stress oy, which is equal to the peak input current

As a rule of thumb, the practical range of snubber inductanise approximately Iinvaxy = \/iPo/(n x PF x Vix)=

L is from 2H to 20.H. In fact, without a snubber, the rate ofy/2 x 1200/(0.92 x 0.99 x 90) = 21 A at full load and low

rectifier-current change is mainly decided by the parasitic induline. An IXGK 50N60B IGBT from IXYS (cgs = 600 V,

tance of the trace between boost switcand rectifierD, which  Icgg = 50 A, Vr = 2.5 V) is used for boost switcly. The

is generally less than several hundreds nanohenrys. As a reqégk voltage stress on auxiliary switéh is the same as that

the rate of rectifier-current change of the boost rectifier withowf switch.S. Also, the peak current stress 6n is equal to the

a snubber inductor is approximately 20004 (Vo/Lp = peak current stress df, i.e., it is equal to the input current

400/0.2 x 10~%). To reduce the stored charge which is directlgt full load and low line. However, the average currentSef
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(is1), iIs much smaller than the average currentSof(is), as L Ls . uD 409 Vae
can be seen from Fig. 4. As a result, a smaller IGBT can | lZXRHRP3OGO
selected folS; . In the experimental circuit, an HGTG 20N60B3 so v, -  VBO25-:08 ¢ Co= 288 4F

IGBT from Harris (egs = 600V, Ici10 = 20A, Ve =2V) Ve c

4x470 uF —
1450V

i
!
2
<
o

is used forS;. Although S; turns on with ZVS and can be y,, EMI
implemented with a MOSFET device, in the experiment: 65""” s\ ek s HeTG
circuit an IGBT is also used for auxiliary switch, together \5"“6"3 pT \2"”6“3
with boost switchS. To reduce the turn-off switching loss of " -

S1 and optimize the peak value of snubber-inductor currenty. 7. Experimental 1.2 kW, boost power stage with a ZC-ZVS active
I s(rk), capacitorCp (200 pF/1 kV) is connected in parallelsnubber.
with S;. Specifically, the value of capacit@rp is chosen so

that I gpk) is approximately equal to input curreiy, in v
order to achieve ZCS turn-off of, as seenin Fig. 4. Generally, 1, VG/Sdiv]
the output capacitance of a similarly rated MOSFET switch is Vesi
approximately five times larger than that of a IGBT switch. [20 V/div]
As a result, an additional capacitor is not required when a
MOSFET switch is utilized forS; .

Since, output diodd has the same voltage stress as that of [250\$/div]
switch S and must conduct a maximum load current of 3 A, >
two RHRP3060 diodes from Harri#gry = 600 V, Ipavy =
30 A, t,, = 40 ns) connected in parallel were used for output
diode D. To reduce the conduction loss of the output diode, the
devices which have a significantly higher current rating than the IR ST ST JUUNE SO T :

- Ch1"720.0V Ch2 20.0V M 2.60us Ch3 7 585V
maximum current were selected. The voltage stress of clamp cha “250v  @E 250V
diode D¢ is the same as that of output diode However,
since the circulating current throughs — D¢ loop is small,

a RHRP3060 diode is used fdi-. s

Boost Inductor: Since the desired inductance of boost in-  [20 A/div]
ductor L is 0.5 mH, four 0.125 mH inductors are built using
a toroidal core (Magnetics, Kogl-77 071-A7) and 45 turns of ;
magnet wire (AWG #12). Four small-size cores are used to re- [20 A/dlv]
duce the overall height of the power supply.

Snubber Inductor;: Snubber inductaof. s = 3.3 1H was built
using a toroidal core (Magnetics, Kogl-77 312-A7) and 12

Vsi
[250 V/div]
>

ip

turns of magnet wire (AWG #12). [20 A/div] of. . D S E
Clamp Capacitor: Two 6.8 F, 100 VDC, ceramic capac- L S £=2 [usec/div]
itors connected in parallel are used for clamp capaditpr EEALY ChEZUCV 20088 CRE T 555V

to limit the magnitude of the maximum peak-to-peak ripple

voltage to approximately 1.5 V. Since the peak clampingjg. 8. Measured key waveforms of experimental convertéiat= 1.2 kW
capacitor voltage is approximately 30 V for this prototype"dViy = 90 Vim.. Time base: Zus/div.

100 VDC ceramic capacitors are utilized.

theoretical waveforms. As can be seen from Fig. 8, auxiliary
switch S; is turned on with ZVS since its voltaggs; falls
to zero before gate-drive signtll;s; becomes high. However,
The component values of the experimental circuit powdoost switchS is turned on while voltage across it is equal to
stage are shown in Fig. 7. The control circuit was implementeditput voltagd’, = 400 V. Despite this “hard” turn on of boost
with the average-current PFC controller UC3854. The TC42&WwitchS, allwaveforms are free from parasitic ringing, since the
driver is used to generate the required gate-drive signal for thetput capacitance of IGBTs is much smaller than that of MOS-
main switch and the auxiliary switch. The value of resigfgy  FETSs. In fact, since the overall switching loss of IGBTs is dom-
is selected large enough so that it doesn’t affect normal circintated by its turn-off loss due to the current tailing effect, the
operation. ResistoR?p is added to discharge capacitél: optimum switching strategy of IGBT is soft turn off, rather than
when the PFC boost rectifier is no longer operating. soft turn on. As shown in Figs. 8 and 9, when swifths turned
Fig. 8 shows the oscillograms of key waveforms of the expenff, switch currentis is small and drain to source voltagé&
imental converter with the IGBT implementation at the low linés clamped to zero until switch; is turned off. Therefore, the
and full power. The oscillograms in Fig. 8 is taken at the pealrn-off loss of switches is very much reduced. Also, it should
of the line current, i.e., when the duty cycle is at the minimune noted that the boost-rectifier-current turn-off rate, which is
As can be seen comparing corresponding waveforms in Figs@htrolled byLs, is approximatelylip /dt = 120 A/ps, as in-
and 8, there is a good agreement between the experimental diedted in Fig. 8. With thigli, /dt rate, peak reverse-recovery

IV. EVALUATION
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Vas
[20 V/div] ™}
Vasi :
[20 V/div] P
; : : 1 Ve
j S SOV : g [5 V/div] ™
Vs ; l : : : : i In :
250 V/di e RIS e 20 A/div] mb 7
R e N e P
..... VO=400VdC [IOOV/d]V]
Vs S : : : S Io=0.875 A | Vin
hh [ S : o . t=2 [msec/div]
hs Zsov mE Fsev o S T TV Lva v i [ T o T T

5.00 V

: : : t : : : : ] Fig. 10. Measured clamp capacitor voltage, input current/;x, and input
»»»»» Do voltageV1y waveforms of experimental converter2s = 1.2 kW andViy =
) : : : y : : : ] 90 V,.. Time base: 2 msec/div.

1Ls
[10 A/div]

is
[10 A/div] Ve s :
[25 V/div]
ip
[10 A/div] ) I
t— 2 [psec/dlv] (10 A/div] >
Vin
[200 V/div] : _ _
Fig. 9. Measured key waveforms of experimental convertétaat= 350 W o - ooV E

andVixy = 90 V,.. Time base: 2:s/div.

@i‘! 300 Vv Ch2 10.0mv

current/rx is reduced to approximately 4 A, which corresponds Bov
to a recovered charge of approximately 100 nC. 11. Measured clamp capacitor voltage, input current/;y, and |nput

The key waveforms of the experimental prototype at |Ighrbltage‘ 1~ waveforms of experimental converters = 1.2 kW andViy =
load operation is shown in Fig. 9. When input currépg is 265 Vac. Time base: 2 msec/div.
smaller than the peak resonant curréiy px), the charge bal-
ance of clamp capacit@¥- is completed during the switch-onto the thermal runaway of the switch caused by the excessive
period as shown in Fig. 9. reverse-recovery losses. Even @t = 900 W, the active

Figs. 10 and 11 show the measured waveforms of the inmrtubber improves the efficiency by approximately 3.4%, which
line current and clamp capacitor voltade: of the prototype translates into approximately 30% reduction of the losses.
rectifier delivering 1.2 kW at 90 V and 265 V input voltages, re- Fig. 13 shows the measured temperatures of the experi-
spectively. Since the maximum duty cycle is not limited by thmental converter with and without the active snubber at the
addition of the active snubber circuit, the input current waveainimum line voltage as functions of the output power. The
forms with and without the active snubber circuit are nearlgmbient temperature was approximately°@6during the
identical. The power factor of the prototype circuit measuradeasurements. As can be seen from Fig. 13, at the same power
at 90 V and 265 V input voltages are 99.3% and 98.4%, respéevels, the temperatures of the semiconductor components in
tively. the implementation with the active snubber are significantly

Fig. 12 shows the measured efficiencies of the experimenkalver than those in the implementation without the snubber.
converter with and without the active snubber at the minimuss indicated in Figs. 12 and 13, at the maximum line (265
and maximum line voltages as functions of the output powaf,, ;) and full power (1.2 kW), the case temperatures of the
As can be seen from Fig. 12, for both line voltages the actib®ost rectifier and boost switch in the implementation with the
snubber improves the conversion efficiency in the entisnubber ard, = 37°C and7s = 35 °C, respectively, whereas
measured power range (200 W to 1.2 kW). Nevertheless, time corresponding temperatures in the implementation without
efficiency improvement is more pronounced at the minimumhe snubber ar€,; = 41°C and7s = 39°C. Similarly, at
line and higher power levels where the reverse-recovery lossles minimum line voltage (90 V,,) and full power, the rec-
are greater. Specifically, at the maximum line (265,)), tifier and switch temperatures in the implementation with the
the efficiency improvement at 1.2 kW is 0.9%. Howeveisnubber ard,; = 41°C and7s = 86 °C. As can be seen from
at the minimum line, the implementation without the activ€igs. 12 and 13, the implementation without the snubber cannot
snubber cannot deliver more than approximately 900 W ddeliver the full power of 1.2 kW at the minimum line because
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EFFICIENCY [%] evaluations on a 1.2-kW high-power-factor boost rectifier for

100 et b Jec e server applications are given. It is shown that the proposed ac-
L $= , Ts1 = , Td= . . . . pn .
08 - BN tive-snubber technique can significantly extend the maximum
B = sl I power range at which a fast-recovery rectifier can be reliably
265 Vac (Ts=39°C, Td = 41°C)
9 employed.
94 I R— — (Ts=86°C, Ts1=80°C, Td=41°C)
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